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Introduction
Cytokines of the innate immune system, including interferon (IFN)-alpha, interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)-alpha, are important mediators of inflammation and have long been known to induce symptoms of depression including alterations in sleep (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . For example, studies in rodents have shown that acute administration of innate immune cytokines, or cytokine inducers such as lipopolysaccharide (LPS), suppresses rapid eye movement (REM) sleep, while increasing non-rapid eye movement (non-REM) sleep, especially Stage 3/4 sleep, also referred to as slow wave sleep (SWS) (3, 4, 6, 12) At high doses, however, innate immune cytokines can disrupt non-REM sleep in rodents and reduce SWS (3) . In humans, acute effects of innate immune cytokines are more complex and, like in rodents, appear to be dose dependent. For example, low dose IL-6 suppresses non-REM sleep in the first half of the night, while increasing non-REM sleep (and SWS) in the second half of the night (7, 8) . In addition, low-dose LPS increases non-REM sleep, whereas highdose LPS suppresses non-REM sleep (13) . Consistent with the effects of acute cytokine administration on laboratory animals, acute administration of LPS or innate immune cytokines to humans has been reliably reported to suppress REM sleep (7, (9) (10) (11) .
Although early interest in sleep abnormalities in psychiatric disturbances focused on REM sleep (with the observation that decreased REM latency may be a biological marker of major depression) (14) (15) (16) , subsequent studies have suggested that patients with major depression, perhaps even more reliably exhibit disruptions in non-REM sleep, especially impairments in sleep initiation/continuity (i.e. latency to sleep onset, wake after sleep onset, and sleep efficiency) as well as reductions in SWS (17) (18) (19) . This general pattern of sleep disruption is also highly prevalent in a variety of medical illnesses including cancer, cardiovascular disease, and autoimmune and inflammatory disorders. Indeed, these illnesses have all been associated with various measures of sleep disruption and secondary insomnia, including reduced sleep efficiency and increased wake after sleep onset (20) (21) (22) (23) . Given the association of these medical illnesses as well as major depression with evidence of chronic activation of innate immune responses, these data suggest that innate immune cytokines may serve as a mediator of sleep alterations in these disorders. Nevertheless, there is limited data on the effects of chronic exposure to innate immune cytokines on sleep, and no study to our knowledge has employed polysomnography (PSG) in this regard. Moreover, while much animal literature and a handful of human studies have reported on the effects of short-term cytokine exposure (3) (4) (5) (6) (7) (8) (9) (10) (11) , these findings may provide limited insight into sleep changes associated with chronic inflammation as might be expected in chronic medical and/or psychiatric disease (24) .
Patients undergoing long-term treatment with the innate immune cytokine, IFN-alpha, provide a unique opportunity to address how-and to what degree-chronic inflammation affects sleep in humans (25) . While an effective therapy for hepatitis C virus (HCV) infection and cancer, IFN-alpha induces significant behavioral changes including depression, fatigue and sleep disturbances in a high percentage of patients (26) (27) (28) (29) . Much like other inflammatory stimuli (e.g. LPS) that induce behavioral changes, IFN-alpha also activates other innate immune cytokines, including TNF-alpha, IL-1, IL-6 and their soluble receptors (25, (30) (31) (32) (33) , which have been shown to correlate with development of behavioral disturbances including sleep changes during IFN-alpha treatment (25, 31, 33) . For example, in patients receiving IFN-alpha for HCV, unidirectional relationships among inflammation, sleep and mood disturbance were observed, such that plasma IL-6 predicted poor sleep, and poor sleep, in turn, predicted development of depression (25) . In addition, IFN-alpha has been shown to induce neurocognitive changes (motor slowing), a flattened diurnal cortisol slope, and increased evening cortisol (31, 34) . These neurocognitive and neuroendocrine changes are typical of those observed following experimental sleep disruption (35) (36) (37) (38) .
To determine the impact of chronic exposure to an innate immune cytokine on human sleep architecture, a longitudinal, case-controlled design using overnight PSG and daytime multiple sleep latency testing (MSLT) in patients receiving IFN-alpha plus ribavirin for HCV was conducted. In addition, the relationship between cytokine-induced changes in sleep parameters and changes in behavioral symptoms, neurocognitive function and circadian neuroendocrine activity known to be affected by sleep disruption was examined. Finally, associations between IFN-alpha and other innate immune cytokines and sleep changes were explored.
Methods and Materials

Subjects
Thirty-one HCV-positive subjects (17 males, 14 females) as determined by serum anti-HCV antibodies or HCV-RNA by reverse transcription-PCR were enrolled. To ensure medically stable HCV patients without an urgent need for IFN-alpha therapy or psychiatric treatment, exclusion criteria included decompensated liver disease; liver disease from any cause other than HCV; unstable cardiovascular, endocrinologic, hematologic, renal or neurologic disease (as determined by physical exam and laboratory testing); <24 on the Mini Mental State Exam (39) ; and history of schizophrenia or bipolar disorder and/or diagnosis of major depression or substance abuse/dependence within six months of study entry [determined by Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition (SCID)] (40) . Subjects with evidence of a preexisting sleep disorder as determined by an apnea-hypopnea index >15 (i.e. >15 sleep apnea-hypopnea episodes per hour of sleep) or a periodic leg movement index >25 (i.e. >25 leg movements with or without arousal per hour of sleep) during adaptation or baseline sleep nights were also excluded. Subjects were required to be off all antidepressants, antipsychotics, and mood stabilizers for at least 4 weeks (8 weeks for fluoxetine) prior to study entry and throughout the study. Subjects were also required to be off other medications known to affect sleep including narcotics, benzodiazepines and non-benzodiazepine sedative/hypnotics for 2 weeks prior to baseline and 48 hours prior to the 12 week sleep assessment. Of the 31 subjects included in this study, 25 (15 IFN-alpha-treated, 10 controls) participated in a study of IFN-alpha effects on neuroendocrine function and 24 (15 IFN-alpha-treated, 9 controls) participated in a study of IFN-alpha effects on neurocognition (31, 34) .
Study Design and Polysomnography Assessments
A prospective, longitudinal, case-controlled design was used to examine sleep in HCV patients prior to (Visit 1), and following, ~12 weeks (Visit 2) of either treatment with IFNalpha plus ribavirin (treatment group) or no treatment (control group). All IFN-alpha-treated subjects received pegylated IFN-alfa-2b (Pegintron ® , Schering Plough, Kennilworth, NJ) or pegylated IFN-alfa-2a (PEGASYS ® , Roche, Basel, Switzerland) administered subcutaneously once weekly. Participation in treatment versus control groups as well as type of IFN-alpha was determined by patients and their physicians and was not controlled by study protocol. Because of lack of urgency of IFN-alpha therapy in this stable population of HCV patients, decisions regarding initiation of IFN-alpha were largely based on scheduling convenience. In event that a patient met criteria for IFN-alpha-induced major depression during the study, the patient immediately underwent research assessment and was referred for psychiatric care.
All study procedures took place in the Emory General Clinical Research Center (GCRC). To allow for accommodation to the GCRC environment and to screen for sleep disorders, subjects underwent one night of PSG in the GCRC one week prior to study initiation. On study Visits 1 and 2, subjects underwent two nights of PSG (see Supplementary Materials in Supplement 1 for details). For statistical analyses, PSG results were averaged across these two nights during each visit. Each night, lights out occurred at 10pm, and each morning, subjects were awakened at 7:15am. On the second full day of the GCRC stay, MSLT was conducted in a subset of subjects (IFN-alpha: n=17; control: n=10) at 10am, 12noon, 2pm and 4pm (see Supplementary Materials in Supplement 1 for details) (41) . MSLT results including latency to sleep onset and cumulative sleep time were averaged across the day for statistical analyses.
During each GCRC admission, blood was withdrawn from an indwelling catheter into EDTA-coated tubes hourly from 9am-9pm for assessment of plasma cortisol as well as TNF-alpha and its soluble receptor, soluble TNF receptor 2 (sTNFR2). Following sampling, blood was immediately centrifuged at 1000Xg for 10 minutes at 4°C. Plasma was removed and frozen at −80°C until assay. For IFN-alpha-treated subjects, Visit 2 was scheduled 4-5 days following the last IFN-alpha injection. Plasma IFN-alpha was assessed at 4pm on both Visits to ensure treatment adherence and to correlate with sleep measures. Urine drug screens were conducted at each visit to rule out substance abuse.
Subjects provided written informed consent, and study procedures received a priori approval by Emory University Institutional Review Board.
Behavioral and Neuropsychological Assessments
Depression was evaluated by trained clinician-raters using the mood disorders module of the SCID and the Montgomery-Asberg Depression Rating Scale (MADRS)(40,42) (see see Supplementary Materials in Supplement 1). Due to the profound nature of IFN-alpha effects on behavior, it was not considered feasible to uniformly blind clinician-raters to treatment assignment. To evaluate severity of fatigue, subjects completed the self-report, 20-item Multidimensional Fatigue Inventory (MFI) (43) . Higher MFI scores represent greater symptoms of fatigue (see Supplementary Materials in Supplement 1). The Epworth Sleepiness Scale (ESS) was used to assess subjective sense of daytime sleepiness (44) . The ESS is a 24-point scale with 8 different situations rated 0-3 according to likelihood of falling asleep. Higher scores signify greater daytime sleepiness.
Motor speed (choice movement time) was measured at each visit in a subset of subjects (N=25) using a touchscreen computer and reaction time task of the Cambridge Neuropsychological Test Automated Battery (CANTAB) as previously described (34, 45) 
Assessment of Plasma Cortisol and Immune Variables
Cortisol and the cytokines IFN-alpha, TNF-alpha and sTNFR2 were measured using radioimmunoassay and enzyme-linked immunosorbent assay, respectively. Assays were run in duplicate according to manufacturer's specifications as previously described (see Supplementary Materials in Supplement 1) (31) . Biological samples were analyzed by research staff blinded to clinical status of study participants.
Statistical Analysis
Differences between groups at baseline (Visit 1) were assessed using t-tests for continuous measures and Fischer's Exact Test for categorical variables. To evaluate effects of IFNalpha/ribavirin on sleep and the behavioral variables, repeated measures analysis of covariance (ANCOVA) was conducted. In the case of significant main effects of group or visit or a group X visit interaction, post-hoc comparisons between specific means were conducted using Fisher's Least Significant Difference test. Where indicated, correlation coefficients were computed to evaluate associations among changes in PSG measures. All statistical analyses included the following covariates: age, sex, race, body mass index (BMI), and history of substance abuse and history of depression (both coded individually as present or absent). Each of these factors has been shown to contribute to risk of sleep disorders and/or depression (46) (47) (48) (49) (50) (51) (52) .
As previously described, cortisol slope was calculated by log-transforming cortisol values and using the beta value of the regression of all cortisol concentrations obtained across the diurnal cycle (31) . Larger beta values (i.e. values closer to zero) reflect a flatter slope. Evening (pm) cortisol was calculated as the lowest value among the last three blood draws (i.e. 7-9pm).
To determine the relationship between changes in relevant PSG variables and changes in behavioral, neurocognitive, neuroendocrine and immune outcomes, linear regression models were employed. Automated stepwise and forward elimination strategies were used to identify independent variable(s) of most consistent predictive value. Tests of significance were two-tailed with an alpha level of 0.05.
Results
Sample Characteristics
Age, race, gender, BMI and history of substance abuse were similar in IFN-alpha/ribavirintreated subjects and controls (Table 1 ). Of note, there was a trend toward an increase in history of major depression in IFN-alpha/ribavirin-treated subjects. One African American female treated with IFN-alpha met symptom criteria for major depression at 4 weeks and immediately underwent study assessments. All other patients were studied after 12 weeks of IFN-alpha administration. Three patients in the IFN-alpha group were prescribed sleep medications by their treating physicians (2 received low dose non-benzodiazepine sedative/ hypnotics as needed 3 times per week and 1 received 1mg lorazepam daily). These sleep aids were discontinued 48 hours prior to week 12 PSG.
Sleep measures
As indicated by significant group by visit interactions, a number of sleep parameters including wake after sleep onset (F [1, 23] (Table 2) . Based on post hoc testing, compared to controls, IFN-alpha/ribavirintreated subjects exhibited significant increases in wake after sleep onset, Stage 2 sleep and REM latency (all p<0.05). In addition, sleep efficiency and Stage 3/4 sleep significantly decreased in IFN-alpha-treated subjects compared to controls (all p<0.05). There was also a significant main effect of group on mean sleep latency in the MSLT (F [1, 20] =4.70, p=0.042), with IFN-alpha-treated subjects exhibiting significantly longer mean sleep latency times compared to controls at Visit 2 (p<0.05) ( Table 3 ). Despite significant IFN-alphainduced increases in wake after sleep onset, no differences were found between groups in spontaneous arousals.
Similar differences in delta sleep parameters between groups were revealed when IFNalpha-treated patients with history of depression (n=6) were removed from the analyses. Moreover, there were no differences in delta nighttime sleep parameters between IFN-alphatreated patients with and without history of depression. Finally, similar results were obtained when IFN-alpha-treated patients who were receiving sedative/hypnotics prior to Visit 2 (n=3) were removed from the analyses.
Of note, several significant correlations were found among sleep variables that differed as a function of IFN-alpha/ribavirin treatment, including significant correlations between delta (Visit2-Visit1) Stage 3/4 sleep and delta sleep efficiency (r=0.40, df=23, p=0.045); delta Stage 3/4 sleep and delta REM latency (r=−0.44, df=23, p=0.029); and delta sleep efficiency and delta wake after sleep onset (r=−0.64, df=23, p=0.001) (see also Table S1 in Supplement 1).
Behavioral Measures
There were significant group by visit interactions for both depression and fatigue (F [1, 23] =10.81, p=0.003 and F [1, 23] =18.33, p<0.001, respectively), with IFN-alpha/ ribavirin-treated patients exhibiting significant increases in these symptoms during treatment compared to controls (Table 4 ). Interestingly, there were no main effects or interactions for daytime sleepiness (ESS), which showed no change across visits for either group.
Relationship between Sleep Parameters and Behavioral Changes, Motor Slowing and Cortisol
Previous work has demonstrated that IFN-alpha leads to slowing of choice movement time on the reaction time task of the CANTAB, which in turn correlates with fatigue (34); a finding that was replicated in the current sample (see Table S3 in Supplement 1). In addition, IFN-alpha has been shown to be associated with significant increases in pm cortisol and flattening of the cortisol curve (31); both effects which were also replicated in these subjects (data not shown). Sleep parameters that showed significant differences between groups across Visits 1 and 2 were entered into linear regression models to determine their association with IFN-alpha-induced behavioral changes, motor slowing and alterations in cortisol secretion. Changes in nighttime sleep parameters were entered as independent variables, and delta depression and fatigue, delta choice movement time, delta cortisol slope, and delta pm cortisol were entered as dependent variables in separate analyses. Age, race, sex, BMI, history of substance abuse and history of depression were also entered into the models as covariates. Stepwise and forward elimination were used to determine variables that were significant predictors of the indicated dependent measures. In all analyses, these automated elimination strategies yielded similar results. (Figure 1 ). Regarding diurnal cortisol secretion, delta REM latency was a significant predictor of changes in cortisol slope (F [1, 29] =6.14, p=0.020) with increases in REM latency being associated with increases in (flattening of) cortisol slope (beta=0.42, t=−2.48, df=1,29, p=0.020). Finally, delta sleep after wake onset was a significant predictor of changes in pm cortisol (F [1, 29] =5.6, p=0.025) with increases in wake after sleep onset being associated with increases in evening cortisol (beta=0.41, t=2.37, df=1,29, p=0.025) ( Figure 2 ).
Regarding daytime sleep assessments (MSLT), no significant associations were found between delta sleep latency and any behavioral, neurocognitive or neuroendocrine variable. Moreover, no sleep measures were associated with changes in depression scores. Finally, a comprehensive listing of bivariate correlations between delta sleep variables (as well as a composite sleep factor derived from principal components analysis) and the noted behavioral, neurocognitive, and neuroendocrine measures is provided in Table S2 (see Supplement 1) .
Relationship between Sleep Parameters and Immune Mediators
IFN-alpha, TNF-alpha and sTNFR2 have been found to correlate with development of IFNalpha-induced depression and/or fatigue (31) . These correlations were also apparent with IFN-alpha and sTNFR2 in the current sample (see Table S3 in Supplement 1). To determine the relationship between changes in these cytokines and sleep variables that were altered by IFN-alpha, linear regression analyses were conducted entering delta IFN-alpha, delta TNFalpha and delta sTNFR2 as independent variables and the sleep variables as the dependent variables in separate analyses. Analyses were controlled for age, race, sex, BMI, history of substance abuse and history of depression. Delta IFN-alpha was found to significantly predict changes in delta Stage 2 sleep (F [1, 24] =10.6, p=0.003), with increases in IFN-alpha being associated with increases in delta Stage 2 sleep (beta=0.56, t=3.26, df=1,24, p=0.003). Similar relationships were observed with sTNFR2 when IFN-alpha was removed from the model (F [1, 29] =5.2, p=0.031; beta=0.40, t=2.28, df=1,29, p=0.031), suggesting that sTNFR2-induced effects on Stage 2 sleep may be collinear with those of IFN-alpha. No other relationships between cytokines and sleep parameters were found (see also Table S2 in Supplement 1).
Discussion
Subjects chronically administered IFN-alpha demonstrated increased wake after sleep onset, decreased sleep efficiency and reduced Stage 3/4 sleep. These non-REM sleep disturbances are common in major depression and many medical illnesses and are consistent with the disruption of SWS seen in laboratory animals and humans acutely exposed to high doses of cytokines and cytokine inducers (3, 7, 8, 13, (53) (54) (55) . By providing the first longitudinal evidence that cytokine exposure disrupts non-REM sleep in humans, these data suggest that dysregulation of inflammatory signaling pathways may be an important pathophysiologic mechanism for development of sleep disturbances including insomnia found in medical and psychiatric illnesses. Moreover, the current findings reinforce results from recent studies showing that pharmacological antagonism of innate immune cytokines (i.e. TNF-alpha) can reverse similar sleep disturbances in patients with rheumatoid arthritis and alcoholism (56, 57) . IFN-alpha treatment increased REM latency, an effect also observed in humans following acute administration of cytokines (7, (9) (10) (11) , including IFN-alpha (10) , but an effect that is opposite to the reduced REM latency that is a hallmark of major depression (58, 59) . Although little is known regarding REM sleep patterns in depressed individuals with a known source of chronic innate immune system activation (i.e. medically-ill individuals with major depression), these findings raise the intriguing possibility that cytokine-induced behavioral disturbances may have a unique REM phenotype.
In the current study, disturbances in REM and non-REM sleep independently predicted development of behavioral symptoms and physiological changes that are common in both major depression and medical illness, including fatigue, psychomotor slowing and disruptions in the diurnal rhythm of cortisol. Fatigue and loss of the normal descending diurnal cortisol rhythm have been repeatedly associated with increased markers of inflammation (31, 37, (60) (61) (62) (63) (64) (65) (66) (67) (68) . Psychomotor slowing is also highly prevalent in depression and medical illness and has been linked to central nervous system effects of innate immune cytokines (34, 69) . The current study raises the possibility that cytokine-induced sleep disturbances may contribute to the effects of innate immune cytokines on development of these behavioral and physiological abnormalities that are widespread in sickness and depression and have been associated with innate immune cytokines. Numerous studies show that sleep-loss whether naturalistic (i.e. insomnia) or experimentally induced-promotes fatigue and impedes psychomotor performance. Studies show that experimentally-induced sleep loss also increases pm cortisol concentrations (36) , all of which provides additional support for the hypothesis that sleep changes may represent a pathway by which cytokines affect behavior and physiological functioning.
Although acute infection and certain types of depression can be associated with hypersomnia, chronic cytokine exposure to IFN-alpha produced sleep alterations more consistent with insomnia. Despite significant increases in fatigue-a cardinal symptom of insomnia (70,71)-IFN-alpha administration did not increase subjective reports of daytime sleepiness, suggesting that, in the context of chronic inflammation, these two constructs (fatigue and sleepiness) are dissociable. Of note, a similar dissociation between fatigue and sleepiness has been observed in primary insomnia (72), a condition which has been repeatedly associated with prolonged sleep latency during the day (as observed in IFNalpha-treated subjects) as well as increased inflammatory markers (73) (74) (75) (76) (77) (78) .
Like with primary insomnia (79, 80) , results from the current study suggest that chronic cytokine exposure may impair sleep quality by inducing a state of physiological hyperarousal that interferes with sleep continuity and depth and impedes attainment of restorative SWS. An adaptive, evolutionary perspective on this phenomenon suggests that hyperarousal may be a potentially beneficial tradeoff, given the increased danger a "sleepy", infected or wounded animal might face from predation.
Several strengths and weaknesses of the study design warrant consideration. Strengths include use of an objective measure of sleep architecture (PSG) in humans prescreened for sleep disorders and chronically exposed to a standardized dose of an innate immune cytokine in the absence of medications known to affect sleep. The use of a control group not receiving IFN-alpha, but participating in all study procedures is also a strength, especially given that several sleep parameters improved in this group including wake after sleep onset and sleep efficiency, likely secondary to continuing adaptation to the GCRC environment. In terms of weaknesses, only IFN-alpha was administered, and therefore it is possible that administration of other cytokines may have different effects. Nevertheless, it should be noted that IFN-alpha induces multiple other cytokines (including TNF-alpha, IL-1 and IL-6), and both TNF-alpha and IL-6 have been shown to be related to sleep changes during IFNalpha treatment (25, 81) . Moreover, as noted above, IFN-alpha-induced sleep changes are consistent with those reported following administration of high doses of innate immune cytokines or cytokine inducers to laboratory animals and humans, as well as being consistent with the clinical literature on sleep disturbances in medically ill patients and depressed patients, who have been shown to exhibit increased peripheral blood concentrations of multiple innate immune cytokines (82) . It should also be noted that subjects were not randomized to treatment or control groups, thus potentially contributing to bias in group assignment. Nevertheless, all subjects were required to have been seen by a hepatologist and approved for IFN-alpha treatment, thus ensuring that all subjects had equal access to appropriate medical care for hepatitis C. Similarities in baseline sleep parameters between groups suggest group equivalency. However, by chance, 6 patients in the IFN-alpha-treated group had a history of major depression compared to 0 controls, potentially confounding reported group differences. Nevertheless, when groups were compared excluding patients with history of depression, similar results were obtained, and no significant differences in delta nighttime sleep parameters were found between IFN-alpha-treated patients with and without a depression history. Three patients had prn (n=2) or standing (n=1) sedative/ hypnotic medications withheld 48 hours prior to the 12 week sleep study, thereby potentially leading to sleep alterations secondary to medication withdrawal. Nevertheless, when groups were compared excluding patients using sedative/hypnotics, similar results were found. Finally, we chose to study patients at 12 weeks because behavioral changes have been shown to plateau at this time during IFN-alpha treatment (83) . Nevertheless, this later time point would not capture sleep difficulties during early stages of IFN-alpha therapy, which have been found to predict later development of depression (25) .
In summary, results from this study support the notion that chronic cytokine exposure as a result of chronic medical or psychiatric illness and/or chronic stress may be a relevant causal mechanism in the association of these conditions with insomnia. Moreover, given studies demonstrating that sleep deprivation can activate innate immune cytokines and their signaling pathways (84) , these data suggest that a feedforward cascade may exist between sleep and inflammation, whereby chronic inflammation can impair sleep which in turn can lead to increased inflammation. Treatments focused on specific targets in this inflammatory cascade including cytokines themselves (e.g. TNF-antagonists) as well as their signaling pathways (e.g. inhibitors of NF-kB) may be especially relevant in reversing this potentially vicious cycle.
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Figure 1. Correlation between change in sleep efficiency and change in motor speed
Decreased sleep efficiency (%) across Visits 1 and 2 in IFN-alpha-treated and control patients was significantly associated with decreased motor speed as reflected by increased movement time (measured in milliseconds) on the choice movement component of the reaction time task of the Cambridge Neuropsychological Test Automated Battery (r=−0.42, N=25, p=0.034).
Figure 2. Correlation between change in wake after sleep onset and change in evening cortisol concentration
Increased wake after sleep onset (WASO) (measured in minutes) across Visits 1 and 2 in IFN-alpha-treated and control patients was significantly associated with increased evening (pm) plasma cortisol concentrations (r=0.41, N=30, p=0.025) Table 1 Baseline demographic and psychiatric characteristics of study participants Table 4 Mean ( * -significantly different from respective Control value (p<0.05 using Fishers Least Significance Difference test); † -significant group X visit interaction
